A B S T R A C T: Palygorskite and associated clay minerals have been studied in a Pleistocene calcrete complex from the Negev desert (Sde Boqer, Israel). This complex is divided into five main parts: the chalky and marly bedrock overlain by its weathered product, a brecciated calcrete hardpan; the laminar crust; loess pockets trapped in the calcrete; and the overlying soft surficial soil. The distribution of clay minerals is directly dependent on the position of the sample in the calcrete complex. Smectite is inherited from the bedrock in the calcrete with an aeolian enrichment in loess pockets and upper soft soil. The source of kaolinite is mainly detrital, related to desert dust. Illite is partly inherited and partly neoformed in loess pockets and desert surficial soil. The origin of palygorskite is clearly related to precipitation processes from soil solutions, Si and A1 ions being provided by the slope and detrital grains trapped in the calcrete, with Mg being provided by the parent rock, the slope and aeolian detrital dolomite. This neoformation occurs mainly around detrital grains such as quartz in the hardpan and along textural transitions in loess pockets and is associated with gypsum in the lower part of the toposequence where the evaporation fluxes are the most important. The existence as coatings around grains and the delicate structure of the fibres are incompatible with a detrital origin. Moreover, no evidence was found to support any transformation of smectite into palygorskite in the solid state. Palygorskite is the last step of the cycle of mobile silica and seems to be a product of late diagenesis in Sde Boqer calcrete.
Palygorskite is a common clay mineral of desert soils in the Middle East (Table 1) and is characteristic of soils formed from soft chalk, marl, aeolian desert dust in the semi-arid and arid regions of Israel (Yaalon, 1955; Ravikovitch et al., 1960; Yaalon & Wieder, 1976) . Its occurrence is also commonly reported from calcretes, caliches or carbonate-rich soils from the Middle East and from many other calcrete sites in the world (Table 1) . Many researchers have shown that the particular alkaline medium constituted by calcrete is favourable to the neoformation of palygorskite (Table 1) : a high pH (from 9 to 11), and high Si, Mg and low A1 activities in the soil solution are the best conditions for palygorskite precipitation (Weaver & Beck, 1977; Singer, 1979) , conditions commonly attained in calcretes. On the other hand, an allochthonous origin of palygorskite is also possible considering the aeolian dynamics in arid deserts which can transport notable amounts of palygorskite from source areas (Table 1) . Consequently, whether inherited from the parent rock, transported by wind from source areas or authigenic in the soil environment, palygorskite genesis can be controversial.
The aim of this paper is to present new data on the occurrence of palygorskite and associated clay minerals in a calcrete complex from Sde Boqer (Northern Negev Desert, Israel), and to discuss a possible polygenic origin of palygorskite in this site.
GEOGRAPHICAL AND GEOLOGICAL SETTINGS
The Sde Boqer site is situated in the Northern Negev Desert, Israel (Fig. 1 ). This experimental site has been used for 20 years by scientists in an ~) 1996 The Mineralogical Society Very high salinity of solution leads to smectite degradation and palygorskite neoforms from degradation products.
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Evaporation of sub-surface waters. attempt to understand the dynamics of a complex desert ecosystem (Yai'r & Shachak, 1987) . The calcrete complex is at the lower part of the slope above the valley bottom, covering a distance of 15m.
The study area is composed of three geological formations dated from the Turonian. These forma- with thicker strata of harder crystalline limestone. The Shivta formation (2 in Fig. 1 ) overlies the Drorim formation and crops out at mid-slope, upslope of the calcrete complex. This is a massive crystalline marine limestone forming small cliffs and steps in the topography. Loamy soil material is found at the base of these steps, in rock crevices and along bedding planes. These soils are shallow brown lithosols (lithic torriorthents) with an A/C profile (Wieder et al., 1985) . Most of the Shivta outcrop is devoid of soil cover and exposed to weathering. The third formation is Netzer (3 in Fig. 1 ), cropping out at the top of the slope. It also comprises crystalline marine limestone like Shivta but is more porous and with numerous beds of chert and flint nodules. These siliceous inclusions are black, exposed to the surface due to differential erosion of limestones and can be covered by desert varnish. They also show numerous traces of dissolution and weathering. The 22 m long trench ( Fig. 1 ) was excavated in 1987 by bulldozer, exposing all calcrete formations from the unweathered Turonian bedrock to the surface soil (Fig. 2) . The calcrete complex starts at the contact between the Shivta and Drorim formations. It is 15 m long and does not extend to alluvial valley deposits.
As in Shephela (Yaalon & Singer, 1974; Dan, 1977) or in Galilee (Verrecchia, 1990 ), the calcrete cut shows four main facies which usually make up Middle East calcretes (known as nari) as the following: the bedrock; the lower nari; the upper nari; and the laminar horizon. The upper soft soil is not considered to be part of the caliche. The bedrock consists of the Drorim formation (1 in Fig. 2 ). The lower nari is formed by powdery zones or weathered limestone strata according to the nature of the parent rock, chalky to marly, respectively (3 in Fig. 2 ), or crystalline (2 in Fig. 2 ). The harder strata of limestone, less weathered, can be followed inside the lower nari attesting to an in situ weathering of the bedrock. The relative homogeneity of the lower nari can be perturbated by loess pockets, frequently following the strata joints (8 in Fig. 2 ). The upper nari comprises two different levels as observed in Galilee (Verrecchia, 1992) , (1) a nodulized to brecciated zone (4 in Fig. 2 ) with loess pockets; and (2) a hardpan zone covered irregularly by a laminar crust I-5 cm thick (6 in Fig. 2 ). Horizontal cracks are present, emphasizing successive and irregular strata inside the hardpan zone, crosscutting one another, subparallel to the slope. The soils on the colluvial material are loessal serozems (typic haplargids). The parent material is mainly of aeolian origin (Yaalon & Dan, 1974) and reworked along the slope by biogenic activity and runoff (Yai'r & Shachak, 1987) . The present authors propose a large Pleistocene age for the calcrete.
METHODS
Ninety four samples were analysed along the catena. The total carbonate content was measured using a Bernard calcimeter. X-ray diffraction (XRD) was performed on bulk samples in the form of un-oriented powder, and on a clay fraction (usually <2 lam; for samples very poor in clay, the <5 lxm fraction was used) in the form of oriented paste. After sample crushing, the clay fraction was obtained after carbonate dissolution with dilute HC1 (0.1 N), followed by successive washings with deionized water. The suspension of clays was facilitated by the addition of sodium tripolyphosphate and the <2 gm fraction was sampled by sedimentation (Stokes' law). Saturated in Mg, the clay paste was air-dried and analysed with a Philips diffractometer (Co-K~ radiation) first in its natural state, second after contact with ethylene glycol vapour for one night. Heating of paste sections at 500~ for 2 h was carried out to detect the presence of any chloritic minerals. The relative quantities of the minerals present were determined using correction factors to take into account the diffraction peak shapes (Holtzapffel, 1985) . The expanding nature of smectites was quantified using the Biscaye index (Biscaye, 1965) . In order to determine the tri-or di-octahedral nature of the clays, the b parameter was determined by XRD on un-oriented powder from the 060 reflection.
Concentrations of the main elements (Si, A1, Mg, K, Na, Ca) were measured with an atomic absorption spectrometer (AAS Perkin Elmer). The porosity of the samples was measured using a mercury micropore sizer (Micromeritics) on even slightly indurated sediments. Bulk samples were coated with gold for scanning electron microscopy studies (SEM JEOL 840 A and 8400) and microprobe analysis was performed on carboncoated thin-sections and minerals (Link Analytical LZ 5 and Voyager microprobes). Isolated crystals, for structural formula calculation, were obtained after centfifugation of the dissolution residue and dilution in distilled water. After separation of the day fraction from the whole sample, small drops of the dispersed suspensions were deposited on a grid and carbon coated for transmission electron microscopy (TEM JEM 100 C).
In order to visualize the distribution of the different minerals and elements along the ealcrete complex, graphs were performed on a Sun-Spark Workstation with ARC-Info software running the TIN generator for map contouring application. Ninety four samples gave the points grid furthe interpolation calculation (triangulation function). Cluster and principal component analyses were used to classify 88 samples of the calcrete using clay mineralogy and a few elements as discriminate variables.
RESULTS

Nature and distribution of the clay minerals in the calcrete complex
Using XRD analysis we distinguished smectites, kaolinite, palygorskite, illite, chlorite, 10 A (illite) -14 ,~ (smectite), 14 A (chlorite) -14 ]~ (smectite) mixed-layers and sepiolite. The first five clay minerals constitute more than 98% of the clays present in the calcrete. Sepiolite was only detected in one sample from the bedrock. Quantitatively, smectites are the most abundant in the <2 gm fraction (a range from r = 0 to 90%, with a mean of m = 55.8% for the calcrete complex and a standard deviation of cr = 24.5) followed by palygorskite (r = 0 to 55%, m = 21.7%, ~ = 17), kaolinite (r = 0 to 20%, m=6.5%, cr=4.3), illite (r=0 to I0%, m=2.6%, ~=0.2) and chlorite (r=0 to 10%, m = 2.4%, cr = 0.2). The mixed-layer clay minerals are only present in a few samples, frequently associated with loess pockets or containing a loess fraction. The ratio never exceeds 5%.
The crystalline bedrock is either almost devoid of clay minerals (i.e. >99% CaCO3 and <1% quartz) or contains <2% clays of which smectite represents more than 85-90% (Fig. 3) . The mary to chalky limestone strata contain up to 4% clays, smectite being the most common clay mineral (85-90%, Fig. 3 ). No traces of palygorskite were detected in the bedrock. The calcrete shows a clay content varying from 2 to 3.5%, excluding the loess pockets and associated carbonate mixing zones much richer in clay (from 5---7%) and silt fractions. The lower and upper nari contain notable amounts of palygorskite and smectite, up to 50% and 75% of the clay fraction, respectively. The surficial Holoeene soil contains 6.7--9.5% of clay. Smeetites have the highest ratio (from 55% to 70% of the clay fraction) followed by kaolinite and palygorskite (15% to 25%) and chlorite and illite (0 to 10%). Dolomite is also present in the surficial soil (5--8% of the total sediment) as detrital fragments of aeolian origin.
The dislribution of the main clay minerals shows an organized pattern (Fig. 3): (1) absence of palygorskite in the bedrock; (2) abundance of clay in loess pockets; (3) similarities in chlorite and More information on similarities between the samples regarding their clay content and mineralogy can be obtained using cluster analysis (Fig. 4) . Clay minerals were used as discriminating variables. At the lower level of classification, three branches appear: (1) the crystalline bedrock (without clays); (2) parts of the upper soft soil devoid of palygorskite and the unweathered and weathered bedrock (with clays); and (3) the calcrete sensu stricto, loess pockets and conglomerates. Inside these groups, the classification reflects the increasing content of palygorskite from right (1-4, no palygorskite) to left (5-10, until 50% of palygorskite is present in the clay fraction). The distribution of clay minerals in general, and of palygorskite in particular, is directly influenced by the position of the sample in the calcrete complex, leading to the conclusion that local conditions determine the genesis of the clays. The relationships between the clay minerals are not obvious. The only trend to be reported is that generally the amount of palygorskite increases when smectite levels decrease in the calcrete. But this trend is not strong enough to relate neoformation of palygorskite to smectite degradation, a process supported by E1-Sherbini & Issa (1989), Patil & Surana (1992) , Rodas et al. (1994) , Sancho et al. (1992) and others (see Table 1 ). The calculation of the mineral ratio for the bulk sample (proportion of each clay mineral actually contained in the rock) shows no relationship between palygorskite and smectite. Nevertheless, the possibility of a genetic link between palygorskite and smectite should not be ruled out (see Table 1 and above).
Relationship between smectite and palygorskite --morphology of clay minerals
The Biscaye index of smectites in the catena varies from 0.11 to 0.86. Lower values should indicate interstratification between expanding (smectite) and non-expanding (illite, collapsed smectite) layers, whereas higher values refer to fully expanded smectites. High Biscaye indices (>0.7) are concentrated in the bedrock and the lower nari (weathered bedrock). The upper soft soil and a few loess pockets always give the lowest index In the bedrock and lower nail, smectite is directly inherited from the marine substrate and undergoes weak weathering. The structure of smectite is very perturbated in the soft soil where the medium is more aggressive, with wetting and drying periods, wide thermic amplitudes and more water and K-rich solutions available (rain and runoff) which contribute to the collapse of some smectite layers. Weathering of smectite in surface horizons was also observed by Shadfan & Dixon (1984) in Jordan Valley soils. Smectite is the major clay constituent of dust in the Negev desert (Azmon & Offer, 1989; , and deposition of desert dust also contributes to finegrained smectite enrichment, which is very reactive and easily degraded. In the upper nari, it seems that the calcrete constitutes a degrading medium for smectites.
To which products does altered smectite lead? Watts (1980, p. 674) noted that "the crystallinity of the palygorskite was generally high whilst that of montmorillonite decreased with increasing amounts of palygorskite". The question is whether weathering of smectite allows neoformation of palygorskite, as supposed by many authors (see Table 1 ). To verify this hypothesis, a palygorskite vs. smectite ratio was correlated to the Biscaye index. Unfortunately, the correlation index r 2 is very low (0.27). Therefore, there is no obvious relationship between a low Biscaye index of smectite corresponding to clay alteration and palygorskite neoformation in the Sde Boqer calcrete.
The mean structural formula of palygorskite associated with loess pockets and upper nari, calculated assuming 21 oxygens in the dehydrated and dehydroxylated half unit layer, is: This formula is comparable with those given in the literature (Bradley, 1940; Caill~re & H6nin, 1961; Newman & Brown, 1987; Jones & Galan, 1988; Velde, 1992) . In the Sde Boqer palygorskite, the average sum of octahedral cations is 4.49, which is within the range (with a mean of 3.97) given by Newman & Brown (1987) and Velde (1992) , from 3.59 to 4.61 and from 2.38 to 6.77, respectively. In addition, Sde Boqer palygorskite is rich in Mg (2.35) but stays within the range given by Newman & Brown (1987) and Velde (1989) , i.e. from 1.29 to 3.84 (with a mean of 2.04) and from 1.29 to 2.81, respectively.
In the literature, the morphology of palygorskite is often described as fibres associated in bundles (Table 2 ). In Sde Boqer, laths constitute the primary textural units (Fig. 5a,b,c) , their width varying between 0.02 I.tm and 0.05 Ixm and their length between 0.2 ~m and 4 lam with an average length of 2-3 ~tm. The laths agglomerate into fibres (Fig. 5d) constituting small rafts and bundles of various sizes (Fig. 5e,f) . The ends of the crystals are clean-cut and pointed (Fig. 5a) , straight (Fig. 5b) or slightly rounded (Fig. 5c) . As observed by Singer (1981, p. 417) , the fibres are frequently "branched out or intertwined" (Fig. 5g,h ). Mesh formed by palygorskite around quartz grains may suggest an authigenic origin of this clay mineral because this delicate coating can not be the result of a destructive transport process. Differences can be noted between the fibres in relation to their positions in the profile. Moreover, as can be seen on Fig. 5 , use of the electron microscope gave no evidence for the transformation of smectite into palygorskite, as noted by Singer (1981, p. 419) .
Although Rodas et al. (1994, p. 280) observed palygorskite fibres growing at the edge of smectite crystals, growth features were not observed in Sde Boqer samples. In addition, the calculation of the b parameter for smectites confirmed their dioctahedral nature, their average 060 reflection being at 1.503 A, whereas quartz, presentoin this <2 I.tm fraction, has a reflection at 1.541 A, which is very weak and can not be confused with the smectite peak. The replacement of trioctahedral smectites is, therefore, irrelevant in explaining palygorskite genesis in Sde Boqer.
Geochemistry of the calcrete complex and its relationship to clays
The clay percentage has been compared with various amounts of the chemical elements in the catena samples. First of all, the clay content decreases with an increase of CaCO 3. The A1203 content increases with increase of clay or SiO2. The non-carbonate fraction is, therefore, very rich in aluminosilicate minerals. Clay minerals also seem to be more abundant when sulphate increases. Sulphate (mainly gypsum) is concentrated in loess pockets and loess-rich carbonate deposits, which are also richer in clays due to initial loess composition; gypsum precipitation is related to the particular conditions of moisture in these pockets, leading to concentrations of supersaturated salty solutions.
Regarding palygorskite, the behaviour of Mg is critical. There is a correlation between increasing clay fraction and MgO content. The Mg content seems to be directly related to clay content (mainly represented by palygorskite) rather than to carbonate rocks (except for samples with traces of dolomite).
A statistical treatment of the data by principal component analysis shows the relationships between chemical elements (A1, Si, Ca, Mg, S), clay minerals (smectite, kaolinite, palygorskite, illite, chlorite) and environments of the catena (Fig. 6) . The samples (individuals) were clustered in six main groups in relation to their positions in the catena. The palygorskite pole is close to the Mg and SO4 pole constituting an evaporitic pole mainly including samples of the lower part of the catena and a few of the loess-rich carbonate horizons. A detrital pole is constituted by other loess-rich pockets and surficial soils, under the influence of kaolinite, Si and A1 elements. Opposite to the evaporitic pole are the samples influenced by very high Ca content. They constitute the marine pole where smectite prevails and include the bedrock and the lower nari. The small amounts of illite and chlorite do not allow particular conclusions.
The comparison of sample clay content and its composition in terms of chemical elements leads to the following conclusions: (1) palygorskite, Mg and SO4 constitute an evaporitic pole, but some palygorskite also exists in samples outside of this pole; (2) increasing kaolinite is clearly related to a detrital contribution (mainly aeolian); (3) smectite is strongly associated with the bedrock and is therefore mainly inherited when found in the lower nail; (4) each part of the calcrete complex shows distinct chemical and clay data. However, the statistical treatment of data does not allow any conclusion regarding the replacement of smectite by palygorskite as supposed by many authors (see Table I ). 
Porosity distribution
Porosity along the catena varies from 4-49%. The crystalline limestone bedrock is the least porous with a mean porosity of 7.28 -I-2.43% (standard deviation) and the least rich in clays. The marly bedrock is more porous with a mean of 16.55 -t-3.00%. These porosity characteristics lead to Close-up of (g) showing the fine structure of the mesh. different rates of weathering. Within the calcrete itself, the weathered bedrock and the platy caliche have a high porosity (mean of 43.78 ___ 4.74%). Loess pockets are slightly less porous (mean of 39.36 _+_ 2.83%). Voids consist of rugs and complex packing voids that facilitate water retention (grain films). The laminar crust has a very low porosity (13.1 __+ 3.25%), as shown by Verrecchia (1994) . Comparison of porosity and clay content shows an increase of clay content with increasing porosity. Porosity plays a major role in water retention and moisture trapping. Sites having a high porosity are also richest in palygorskite.
DISCUSSION
Origin of clays other than palygorskite in the Sde Boqer calcrete complex
An important variable in the detrital pole of the principal component analysis, kaolinite can be clearly attributed to exogenous sources. Its greater abundance in loess-rich sediments and mostly surficial soils (up to 20% of the clay fraction) links its presence to aeolian contributions. Desert dust contains kaolinite (6-55% of the dust clay fraction from Ganor, 1991), about 3% of total dust from Danin & Ganor (1991) and contributes to an increase in the kaolinite ratio in the upper soft soil.
Chlorite is present in the loess pockets and more rarely in the bedrock, and is more or less uniformly distributed in the calcrete but is almost absent in the surficial soil. Present-day dust does not include chlorite (Danin & Ganor, 1991; Azmon & Offer, 1989; , which explains its absence in the surficial soil. But its occurrence is dearly related to the presence of loess, and chlorite can be a marker of ancient loess influence. In conclusion, this mineral is inherited either from ancient aeolian sediments or from the bedrock, and does not form in the calcrete medium.
Illite, which is only a minor component, is found in the bedrock as well as in the calcrete complex with some maxima in the surficial soils. In the weathered basement (lower nari), its inherited origin from the bedrock is obvious. But in the loess pockets, mixed carbonate-loess sediments and surficial soils, its origin can be very different. As noted by Singer (1988, p. 254) , ~illite concentration is highest in the surface horizons of some calciorthids from the Negev. (...) illite is actually forming in these soils under the present arid conditions". Regarding the data (primary source of K and K-bearing minerals), illite pedogenesis in Sde Boqer is possible. The pedogenesis of illite is also favoured by wetting and drying cycles (Singer, 1988) that affect surface horizons of Sde Boqer soils and loess pockets in the calcrete, where moisture is maintained longer than in the other parts of the calcrete complex.
Smectites are ubiquitous and the main clay mineral in the catena. Smectite is the major clay mineral of calcareous soils in Israel (Ravikovitch et al., 1960) . They are also dominant in the <2 Ixm fraction of present-day desert dust. They seem to be mainly inherited from the bedrock in the lower nari, where they represent up to 90% of the clay fraction. In the upper calcrete, they can be derived from the bedrock sediments and partly enriched by dust contribution in surficial soil and loess pockets. The variety of their Biscaye indices can be related to their weathering and relative instability in the calcrete medium (Paquet, 1983) . Moreover, almost all of the smectites are dioctahedral minerals, which are more difficult to alter than trioctahedral structures. In addition, there is no evidence of transformation of smectite into palygorskite in Sde Boqer.
Origins of palygorskite in the Sde Boqer calcrete complex
Two main origins for palygorskite in add soils and calcretes have been proposed in the literature (see Singer, 1979 Singer, , 1989 : inheritance or pedogenic anthigenesis (in situ formation). The inheritance origin assumes two possible processes: palygorskite is already present in the geological bedrock and is, therefore, inherited from the parent rock during soil or calcrete formation, or palygorskite is detrital in origin, brought from sources in the soil prof'lle by sedimentary processes (alluvial or aeolian). Many examples of palygorskite derived from parent rocks, mainly Tertiary limestones, were observed in the Middle East (Table 1) .
On the other hand, if the bedrock does not contain any palygorskite, the mineral can be transported by alluvial or aeolian processes from other sources, priocipally Tertiary limestone basins: this detrital origin by means of wadi or wind was widely reported from Saudi Arabia by Shadfan & Mashhady (1985) , Viani et al. (1983) and Lee et al. (1983) and from Tunisia by Coudr-Gaussen et al. (1984) . In Sde Boqer, the bedrock does not contain any palygorskite and, therefore, direct inheritance from the parent rock is unlikely. The sources of sedimentary bedrock containing palygorskite are far from the site, and very rare in the Negev (Bentor et al., 1963) , precluding any direct alluvial or aeolian contribution to palygorskite accumulation. In addition, the dust from the Sde Boqer area does not even contain traces of palygorskite (Offer et al., 1993) , nor does an average dust storm in Israel (Danin & Ganor, 1991) . However, noted that present-day dust storms, originating in Saudi Arabia, Jordan and Dead Sea Deserts, can transport noticeable amounts of palygorskite. This process can solely explain part of the chain-mineral present in the surficial soil, but not its occurrence in all of the calcrete complex, the clay leaching process being very weak or non-existent. In conclusion, an inherited or detrital origin for palygorskite is very unlikely in Sde Boqer, an in situ formation being much more probable.
Palygorskite authigenesis can be explained by two processes (Table 1) : (1) alteration of preexisting phyllosilicate minerals such as mica, kaolinite or smectite and then transformation into palygorskite; or (2) precipitation from soil solutions. An association with evaporative authigenic gypsum, salts or salty or brackish solutions has been widely reported in the literature (Elgabaly, 1962, p. 389; Eswaran & Barzanji, 1974, p. 159; Yaalon & Wieder, 1976, p. 74; Hassouba & Shaw, 1980, p. 82; Smith & Whalley, 1982, p. 308; Shadfan & Dixon, 1984, p. 194; Sancho et al., 1992, p. 305; Aqrawi, 1993, p. 158) .
In the case of alteration of smectite into palygorskite, it is rather difficult to explain the kinetics, in terms of energy required, of a transformation of a stable layer mineral into a chain clay (Weaver & Beck, 1977; Watts, 1980; Singer, 1989) . In addition, Singer (1989, p. 864) noted that "the frequent association of these two clay minerals is a result of the proximity in their stability field, but does not necessarily imply a solid phase 'transformation' of one into another".
General conditions of palygorskite stability are discussed in Singer & Norrish (1974) , Weaver & Beck (1977) and Velde (1985) . A high pH, between 9 and 11 (Hay & Wiggins (1980) proposed between 7 and 8.5 in USA calcretes, and Eswaran & Barzanji (1974) about 7.9 in Iraqi gypsiferous soils) and high Mg and Si and low A1 activity ratio constitute the best environment for palygorskite precipitation, whether from soil solution or from groundwater (Hodges et al., 1984) . The source of Si can be provided by alteration of phyllosilicates, volcanic ash or silicate grains (see Table 1 ). The source of Mg can have the same origin or a transformation of high Mg calcite (HMC) into low Mg calcite (LMC) (Yaalon & Wieder, 1976; Hassouba & Shaw, 1980; Watts, 1980) . Contrary to Millot et al. (1977) or Paquet (1983) who considered palygorskite to form during an early 'argillization' stage before calcretization, the development of palygorskite neoformation takes place after or during carbonate deposition and cementation in Sde Boqer. No obvious epigenesis of clays by calcite was observed in the calcrete complex. This was also noted in the Kalahari calcretes by Watts (1980) and in the Levante (Spain) caliche by Montenat (1977) . Finally, the microsites where palygorskite seems to precipitate preferentially are "inorganic crystalline substrates such as silt-sized calcite or gypsum crystals and coatings of quartz or feldspar" as reported by Singer (1984) . Pore-space also seems to play a major role as sharp textural transitions (Yaalon & Wieder, 1976; Singer, 1989) .
In Sde Boqer, the highest values (>40%) of palygorskite in the clay fraction are concentrated in three microenvironments: (1) the upper part of the toposequence, (2) loess pockets in the upper part of the catena; and (3) the lower part of the toposequence. This distribution corroborates an in situ origin of palygorskite from soil solutions: (1) After runoff on the Shivta formation, water from the slope concentrates and infiltrates in the upper part of the catena, this part being the most humid of the toposequence (Yai'r & Shachak, 1987) . This water, already containing soluble silica (from Netzer formation) and Mg, can be enriched in these elements in calcrete microenvironments (dissolution of quartz and detrital dolomite). When the conditions are attained, palygorskite can be precipitated from the soil solutions, mainly in the micropores of laminar crust, which contain numerous quartz grains and detrital Mg-carbonates. (2) In loess pockets, the conditions are slightly different: the water retention is higher than in the hard carbonate horizons of the calcrete complex, allowing a concentration of the solutions with time and precipitation of palygorskite at textural transitions as noted by Yaaton & Wieder (1976) . (3) In the lower part of the toposequence, the presence of gypsum demonstrates the high salinity of the solutions and the evaporative conditions that favour deposition of palygorskite, as discussed above.
In two of these three particular microenvironments, palygorskite is well formed, consisting of authigenic long meshes of fibres with sharp extremities and agglomerated as fine coatings on skeleton grains (quartz, feldspar or gypsum) as observed with the electron microscopes. In the other part of the nari calcrete, microporosity seems to play a major role in palygorskite precipitation; but here again, palygorskite occurrence is related to precipitation from soil solutions. The source of A1 and Si is provided by the solutions coming from the slope (the watershed) and the calcrete medium itself: numerous quartz and feldspars show dissolution features. In loess pockets, the remaining humidity and water films on skeletal grains facilitate the quartz and feldspar dissolution, enriching the solution for palygorskite precipitation. As seen above, Mg can be provided by detrital dolomite but Mg is also available in runoff water up to levels of 7.5 mg/l (Yai'r et al., 1991; measurements done during winter 1981/1982) and in dust . In addition, Mg can be provided from the weathered parent rock itself, the lower nari being depleted in Mg. In conclusion, in Sde Boqer, palygorskite is mainly precipitated from soil solution and no evidence was found to support any transformation of smectite into palygorskite.
CONCLUSION
The geochemical and mineralogical study of the Sde Boqer calcrete complex emphasized the diverse origins of clay minerals, one part being detrital or inherited, the other being neoformed. Smectite, kaolinite, mixed-layer minerals, chlorite and some illite are inherited directly from the bedrock or from external sources by means of aeolian desert dust and loess. On the other hand, part of illite and palygorskite are authigenic in origin, formed in situ. According to the literature, palygorskite can have multiple origins: in Sde Boqer, an in situ and authigenic origin seems to be the most probable. In the calcrete medium, pH, availability of Si, A1, Mg ions, the concentrations of solutions and the microporosity provide the appropriate conditions for palygorskite precipitation. In loess pockets and porous sediments, the concentration of moisture and textural transitions seem to favour the neoformation of fibrous clay minerals. Finally, in the bottom part of the toposequence, the evaporitic conditions also give an appropriate medium for palygorskite formation. Along the catena, various conditions occur that lead to palygorskite precipitation from soil solutions. As noted by Watts (1980, p. 674) about palygorskites "their almost ubiquitous presence suggests that they play an integral role in calcrete formation". In Sde Boqer, palygorskite is the final step of the silica cycle in the calcrete: there is no secondary silica precipitation, e.g. calcedonite, but many quartz and feldspar crystals are partially dissolved and runoff water contains dissolved silica (Ya~'r et al., 1991) . Silica must accumulate somewhere. In the calcrete medium, the alkaline conditions facilitate silica mobility, which can combine into palygorskite mainly directly at the contact of silica grains where the solutions circulate preferentially and where water films stay for the longest period of time during the evaporation phase. This is why palygorskite occurs principally as coatings in the calcrete. In loess pockets, the conditions are different and lead to precipitation in the micropores and textural transitions, where the solutions are concentrated during evaporation. The different morphologies of the palygorskite fibres can be explained using this range of precipitation conditions. Finally, the presence of palygorskite, mainly around quartz grains, in micropores or associated with secondary products such as gypsum, support the idea that palygorskite precipitates after the calcrete formation and constitutes a late diagenetic product occurring in an appropriate environment such as the alkaline medium of limecrusts.
